reported that the more inten- due to lack of tillage. Few N fertility rate studies have been conducted in the central Great Plains under NT conditions to evaluate the response of winter wheat to
quire higher rates of N fertilizer to maintain yield potento optimize dryland wheat yields and improve grain quality, but need tial due to increased crop N removal as well as compento avoid over-fertilization with N to minimize NO 3 -N leaching posate for N sequestration in crop residue and surface soil tential.
due to lack of tillage. Few N fertility rate studies have been conducted in the central Great Plains under NT conditions to evaluate the response of winter wheat to I n the central Great Plains region of the USA, use N application in more intensive NT cropping systems of reduced tillage and NT systems increased during (Halvorson and Reule, 1994; Kolberg et al., 1996 ; the 1990s. These tillage systems improved the storage Thompson and Whitney, 1998) . Halvorson and Reule of precipitation in the soil profile compared with me-(1994) reported spring barley (Hordeum vulgare L.) chanical tillage systems, allowing more intensive cropyields were optimized with the application of 67 kg N ping systems to be developed (Anderson et al., 1999;  ha Ϫ1 each crop year in a NT annual cropping system on a Halvorson and Reule, 1994; Halvorson et al., 2002;  Weld silt loam (fine, smectitic, mesic Aridic Argiustoll). McGee et al., 1997; Nielsen et al., 2002; Peterson et al., Thompson and Whitney (1998) reported that 67 kg N 1996). The dominant wheat-fallow system of farming ha Ϫ1 applied to each crop was sufficient to optimize is being slowly replaced with more intensive cropping wheat and sorghum yields on a silt loam soil in Kansas. systems, such as 3-yr WCF and WSF systems, 4-yr sys- Kolberg et al. (1996) reported no yield benefits to N tems (crop-crop-crop-fallow), and annual cropping sysapplications above 84 kg N ha Ϫ1 on dryland winter wheat tems with no fallow (Anderson et al., 1999 
MATERIALS AND METHODS
use was estimated by subtracting the harvest soil water content The study was initiated in 1984 on a Platner loam (fine, from the planting soil water content. Estimated total water smectitic, mesic Aridic Paleustoll) at the Central Great Plains use by each crop was assumed to be soil water use plus growing Research Station (40Њ9Ј N, 103Њ9Ј W) at Akron, CO. This soil season precipitation. During the study, no visual signs of runoff had a coarse gravelly layer below the 120-cm depth, which had of precipitation from the plots were observed; therefore, loss very low water holding capacity. The experimental treatments of growing season precipitation to runoff or drainage was consisted of a factorial combination of five N rates and two assumed to be negligible. The air-dried soil samples were crop rotations (WCF and WSF) in a split-plot, randomized ground to pass a 2-mm sieve before analysis for NO 3 -N concomplete block design with four replications. The main plots tent. Soil NO 3 -N was determined by Cd reduction with an were N rate (0, 28, 56, 84, and 112 [1985 and 1986] or 'TAM grain N uptake of each N rate and dividing this difference by 107' [1987] [1988] [1989] [1990] [1991] [1992] [1993] ) was planted each year in late September at the specific N rate. Precipitation use efficiency (PUE) was a seeding rate of about 2.2 million seeds ha Ϫ1 with a NT hoe estimated by dividing grain yield (kg ha Ϫ1 ) by the amount drill with a 30-cm row spacing (1985) (1986) (1987) (1988) or NT disk drill (mm) of growing season (April-June) precipitation. with 18-cm row spacing (1989) (1990) (1991) (1992) (1993) . Herbicides were used Analyses of variance were performed using Analytical Softduring the fallow period to control weed growth. The plots ware 1 Statistix7 program (Analytical Software, 2000) to deterwere generally weed free during the wheat production period mine treatment effects. All statistical comparisons were made with no herbicide applied for weed control. The wheat was at the ␣ ϭ 0.05 probability level unless otherwise stated using harvested in early to mid-July each year from the center of least significant difference method for mean separation. If the each plot. Wheat yields are expressed on a 120 g kg Ϫ1 water analysis of variance indicated a significant F value for N, a content basis. Precipitation and pan evaporation data were linear or quadratic function was fit to the N response data collected at the long-term weather station located about 850 m using regression functions present in the graphics program from the plot area.
(SigmaPlot version 7.0, SPSS Inc., Chicago, IL 1 ). Soil samples, one 3-cm diameter core per plot, were collected in 30-cm increments to a depth of 120 cm from each 1 Trade names and company names are included for the benefit of treatment before planting and after harvest of wheat for gravithe reader and do not imply any endorsement or preferential treatment of the product by the authors or the USDA-ARS. metric water content and NO 3 -N analysis. Soil bulk density 299a  299a  299a  299a  299cd ‡  1986  292a  292a  292a  292a  292a  292cd  1987  269a  284a  258a  251a  268a  266b  1988  299a  259a  280a  325a  314a  295cd  1989  283a  315a  345a  298a  296a  307d  1990  258ab  264a  232bc  227c  253abc  247a  1991  300a  245a  280a  297a  292a  282bc  1992  277a  298a  320a  269a  258a  284bc  1993 
RESULTS AND DISCUSSION
Annual precipitation during the study period varied considerably with year (Table 1) . Above average annual precipitation occurred in 1985, 1987, 1990, and 1993, about average in 1988 and 1992, and below average in 1986, 1989, and 1991 . Growing season (April-June) precipitation, however, did not follow the same pattern as for annual precipitation (Table 1) . Growing season precipitation was below the long-term average in 1989, 1990, 1992, and 1993, near average in 1985, 1987, and 1991, and above average in 1986 and 1988 . Soil water in the 0-to 120-cm root zone at wheat planting was years (Table 2) . Thus, growing season precipitation and climatic conditions, such as temperature, evapotranspiand 1992, with biomass production being near maximum ration, frost, and hail, were the elements other than N with the 28 or 56 kg ha Ϫ1 N rates. fertilization having the greatest impact on wheat yields Grain yields varied significantly with year and N apduring the study period.
plication rate (Fig. 2 and Table 3 ), but not with crop Total biomass production was not significantly afrotation. Grain yields averaged 3281 and 3275 kg ha Ϫ1 fected by crop rotation, with average wheat biomass for the WCF and WSF, respectively. Norwood (2000) production of 7596 and 7666 kg ha Ϫ1 for the WCF and also found no differences in wheat grain yields between WSF rotations, respectively. Biomass production varied WCF and WSF rotations. Grain yield in 1985, 1986 , and with year and N rate (Fig. 1 , with yields for each crop 1991 increased with increasing N rate, maximizing at sequence shown separately for easier reader interpretathe 84 and 112 kg ha Ϫ1 N rates. In 1988 In , 1990 In , and 1993 . Biomass was increased by N application each year, grain yields were near maximum at the 56 and 84 kg but the N rate resulting in maximum biomass yield varha Ϫ1 N rates. Low grain yield in 1988 probably resulted ied with year (Table 3 ). The highest level of biomass due to low rainfall during April through mid-May, high production occurred in 1986, 1991, and 1993 with the evaporative demands, and a large number of days with 84 or 112 kg N ha Ϫ1 N rates resulting in maximum yield.
high air temperatures, even with slightly better than In 1985 In , 1987 In , and 1988 , biomass yields were slightly average growing season precipitation. Butler et al. (2001) lower but were still near maximum with the two highest showed a strong decline in winter wheat yields with daily maximum temperatures Ͼ25ЊC between 21 May N rates. Biomass yields tended to be lowest in 1989, 1990, and hail (14 June) were responsible for low grain yields in 1990 and lack of response to N rates above 56 kg N ha Ϫ1 . Grain yields leveled off above 56 kg ha Ϫ1 N rate in 1993 due to lack of water to complete grain fill at the highest N rates, but yields were excellent compared with other years. Growing season precipitation in 1993 was the lowest during the study, but pan evaporation was also low. Soil water use from the 120-cm profile was highest in 1993 (164 mm), which contributed to the excellent grain yields. Soil water use for the other years 1986, 1987, 1988, 1989, 1990, 1991, and 1992, respec- wheat-corn-fallow and wheat-sorghum-fallow rotations.
tively. As reported by Nielsen and Halvorson (1991) , excess N can create a large plant and biomass production Kolberg et al. (1996) for optimizing winter wheat yields that uses up water needed for grain production. In 1987 , in NT WCF and WSF systems. 1989 , and 1992 , grain yields were at near maximum with Assuming that farmers, fertilizer dealers, or crop conthe 28 kg ha Ϫ1 N rate. In 1989 and 1992, growing season sultants would sample soil to at least a 60-cm depth, we precipitation was low and pan evaporation was high developed an exponential relationship between soil N (Table 1) , which created water stress on the plants. plus fertilizer N applied and relative grain biomass was also low for these 2 yr (Fig. 1) . A frost on yield each year (Fig. 3) . A soil plus fertilizer N level of 26 May also damaged the 1992 wheat crop, which was 156 kg N ha Ϫ1 was needed to achieve a 95% yield potenheaded, contributing to the low yield. In 1987, residual tial over the 9 yr of this study. Using the approach of soil N was very high (Table 2) in all plots at wheat Halvorson and Reule (1994) , we plotted relative grain planting; therefore, response to N was limited to the yield vs. soil N (0-60 cm) plus fertilizer N applied for lower N fertilizer rate. The average grain production only those N levels at or below 100% relative yield over the nine wheat crops was 2316, 3201, 3560, 3681, potential (Fig. 4) . The quadratic response curve shows and 3633 kg ha Ϫ1 for the 0, 28, 56, 84, and 112 kg ha
Ϫ1
that 124 kg N ha Ϫ1 was needed to achieve 95% grain N rates, respectively. Thus, when averaged over all years yield potential over the 9-yr period. These N requireand climates, grain yields on this Platner loam soil were ments for winter wheat are slightly lower than those near maximum with the application of 84 kg N ha
.
found for barley and wheat in an annual cropping system reported by Halvorson and Reule (1994) on a Weld silt This is consistent with the N requirements reported by at the 28 kg ha Ϫ1 N rate and lowest at the 112 kg ha Ϫ1 more N was taken up in the grain than applied with the fertilizer. The NFUE varied with year and N rate. When loam soil with a deeper soil profile. Schlegel et al. (2003) averaged over all years, NFUE decreased as the amount reported a N requirement of 127 kg N ha Ϫ1 for optimum of N fertilizer applied increased. At the 84 kg N ha
winter wheat yields in western Kansas. fertilizer rate, which had the highest average grain yield, Grain protein content generally increased with in-NFUE averaged 56%. At the 56 kg N ha Ϫ1 fertilizer creasing N level, but varied with year (Table 4 ). The rate, grain yields were 97% of the average maximum protein values in Table 4 are expressed on an oven-dry yield and had a NFUE of 69%. basis; therefore, they are slightly higher than if expressed Precipitation use efficiency (PUE) varied with year on 120 g kg Ϫ1 water content basis similar to grain yield. and N rate (Table 6 ), generally increasing with N appliAveraged over the 9 yr, grain protein increased signification, but tending to level off above 56 kg N ha
cantly with increasing N rate, with the highest protein fertilizer rate. The PUE data reflect the same trends as level being with the highest N rate.
for grain yield, since precipitation did not vary with N The amount of N removed in the grain each year rate. When averaged over all years, PUE increased with generally increased with increasing N rate, but the amount increasing N rate up to 56 kg N ha Ϫ1 and then leveled off. of N removed in the grain varied with year and grain yield (Table 5) . Averaged over all years, grain yield increased significantly with increasing N rate. Nitrogen Table 5 . Winter wheat grain N removal and N fertilizer use effifertilizer use efficiency (NFUE) was generally highest ciency based on grain N removal, averaged over wheat-cornfallow and wheat-sorghum-fallow rotations. 
